Background: Identification of orthologous relationships between genes from widely divergent taxa allows partial reconstruction of the gene complement of ancestral genomes. C2H2 zinc-finger genes are one of the largest and most complex gene superfamilies in metazoan genomes, with hundreds of members in the human genome. Here we analyze C2H2 zinc-finger genes from three taxa -Drosophila, Caenorhabditis elegans and human -from which near-complete genome sequence data are available.
Background
Model organisms such as the fruit fly Drosophila melanogaster and the nematode Caenorhabditis elegans are commonly used to investigate gene function. .requently, genes with similar sequence can be identified in the human genome, allowing prediction of human gene function by extrapolation from Drosophila and/or C. elegans. Implicit in such extrapolations is that the genes being compared are orthologous, that is, they derive from the same ancestral gene in the common ancestor of the model organism and humans [1] . Correct identification of such relationships is therefore essential if extrapolation of function is to be fully exploited. In one form, such identifications typically utilize database comparisons with algorithms such as BLAST, with the highest-scoring sequences inferred to be orthologs [2, 3] . Additional criteria can then be applied to confirm orthologous relationships, including checking that orthologs have similar domain structures, and ensuring that no sequence from a more distantly related taxon is more closely related to one proposed ortholog than to another. In more complex analyses, molecular phylogenetic reconstruction of gene family history is employed. Such reconstructions help distinguish speciation from gene duplication, thereby revealing orthologous and paralogous relationships.
With the near-completion of the human, C. elegans and Drosophila genome sequences, it is becoming possible to extend the identification of such relationships to analyses of large, complex gene superfamilies in the Metazoa. Such an exercise essentially reconstructs the minimum gene complement, for a particular superfamily, that would have been present in the last common ancestor of these three taxa and, given their phylogenetic relationship [4] , gives insight into the genome complexity of the bilaterian common ancestor. Here we present an analysis of the C2H2 zinc finger (C2H2 ZN.) genes: a superfamily that, with over 600 members in humans, contains 1-2% of all human genes. C2H2 ZN. genes primarily encode DNA-and chromatin-binding transcription factors, and include familiar and well-studied developmental genes such as Krox-20, snail, Gli, Krüppel and hunchback, as well as numerous genes whose function is yet to be established. By defining orthologous relationships within this superfamily, we aim to reconstruct the minimum complement of C2H2 ZN.s present in the bilaterian common ancestor.
Results
The organization of a typical C2H2 ZN. includes two features that make inference of evolutionary history complicated (.igure 1). The first is the conservation in almost all C2H2 ZN.s of a number of key residues critical for the structure of the domain. This means all C2H2 ZN.s have a high baseline of identity. The second is repetition of the C2H2 ZN. motif in individual genes. This makes BLAST scores unreliable indicators of evolutionary relationships, as the score depends on the length of matching sequence and will be misleadingly high for genes that have independently evolved multiple contiguous fingers. .inger repetition also means that molecular phylogenetics can only be employed where the relationships
Figure 1
Schematic diagram of a C2H2 zinc-finger motif. The paired cysteines (C) and histidines (H) that bind the zinc ion are shown in yellow and blue, respectively. The linker sequence, shown in green with its consensus sequence in the single-letter amino acid code, frequently joins adjacent fingers. This is apparent in the lower panel, which shows the typical arrangement of fingers in a C2H2 ZNF protein. The two large hydrophobic residues, which are also structurally important, are shown in red. The black residues are not structurally important and include those responsible for contacting DNA during sequence-specific binding [16] . The precise number of 'black' residues between the cysteines, histidines and on the loop may vary [10] . of individual fingers between genes can be determined. This is only possible for subgroups where a robust phylogenetic framework has already been established, and is consequently of little use in defining such subgroups.
The limitations of BLAST and molecular phylogenetics lead us to seek alternative criteria for defining orthology of C2H2 ZN. genes. We used percentage amino-acid sequence identity over the ZN. region, as determined by .ASTA [5] , as a preliminary indicator of relationships. .irst, we compiled datasets of all Drosophila, C. elegans and human proteins that contained C2H2 ZN.s. .or a preliminary view of the levels of identity between species, we used .ASTA to compare the Drosophila and C. elegans datasets to the human dataset and recorded the highest identity match in the human dataset for each Drosophila and C. elegans gene.
To visualize the results, we combined identity scores (which potentially range from 0 to 100%) into 5% intervals and plotted the proportion of each dataset that had its highest match in each interval (.igure 2). The results were essentially the same for Drosophila and C. elegans, with a peak of highest identity centered at about 40% and a tail of genes with matches higher than 50%. A large majority of invertebrate genes had their highest identity matches to human genes within the peak in the 25-50% range.
In a typical C2H2 ZN. motif, between 20 and 44% of the amino acids are structurally important and highly conserved, with variation within this range mostly arising from the presence or absence of a six-residue linker sequence that frequently joins adjacent fingers (.igure 1). Therefore the peak centered at 40% in .igure 2 can be largely explained by the baseline of identity that occurs between most C2H2 ZN. sequences. A similarity score of 45% and above indicates a closer relationship and therefore possible orthology. These values, however, cannot be used either to definitively exclude or conclude orthology without further evaluation because of the limited but significant variation in baseline identity. We therefore examined highest matches by eye to judge whether they indicated orthology. We used the presence of conserved amino acids in the zinc fingers other than those important for structure as a criterion to assess this. Specifically, we did not include the paired cysteines and histidines that bind the zinc ion (.igure 1). The consensus linker, where present, was also excluded. We also compared all Drosophila and C. elegans C2H2 ZN. sequences to available
Figure 2
Highest percentage-identity match in 5% intervals for the E<10 datasets of Drosophila and C. elegans compared to the human dataset. Baseline identity between typical C2H2 ZNF domains is between 20 and 44%, and this is where most genes show their highest identity. Values higher than this range are strongly suggestive of orthology. We also examined the difference between this analysis and an analysis of more stringent datasets (E<1). All but one of the sequences detected at E<10 but excluded from E<1 had maximum identity matches below 40%. human genome and expressed sequence tag (EST) sequences to detect potential orthologs absent from our human C2H2 ZN. dataset. This step was essential as, because of the incomplete cataloguing of human protein data, our human C2H2 ZN. protein dataset is certain to be incomplete. With these analyses we defined a total of 39 families of genes (Table 1 ) which we propose represent orthology groups, as we infer that each group is descended from a single ancestral gene in the most recent common ancestor of Drosophila, C. elegans and humans. Multiple genes from one species within a group are therefore paralogs. To our knowledge, 17 of these groups have not previously been defined. As an additional check of orthology we also compared our C2H2 ZN. datasets to a yeast C2H2 ZN. dataset [6] . No yeast sequences were more closely related to single orthology group members than to all group members, which supports our group definitions. Each orthology group typically contains genes with the same number and arrangement of fingers. This fulfilled another standard prediction of orthology (similar domain structure), and allowed us to use molecular phylogenetics to examine, where relevant, the pattern of evolution within a group and to determine whether our assumption of descent from a single gene in the most recent common ancestor was supported (.igure 3). In all but one case, molecular phylogenetics either produced trees that were too poorly resolved to confirm or disprove our inference of orthology or produced trees that supported our inference of orthology. The exception was the KL. family (Table 1) , which tree topology suggested might include more than one orthology group; data from additional taxa will be necessary to further resolve this family. All sequences that showed an identity score >55% were in orthology groups. Conversely, we consider some sequences with scores of <44% to be in orthology groups.
Discussion
The 39 families identified above represent the conservative minimum of C2H2 ZN. genes present in the common ancestor of Drosophila, C. elegans and humans. They have, however, essentially been defined on one criterionsequence identity at defined sites. It is possible that other features of zinc-finger genes could indicate orthology in the absence of sequence conservation, including similarities in the spacing between the paired histidines and cysteines, finger number, finger organization, intron/exon structure, the presence of other conserved domains and similarity of function. An example of this is the invertebrate hunchback and vertebrate Ikaros-related genes (Ikaros, Helios, Eos and Aiolos), which have low levels of sequence identity but a similar unusual arrangement of zinc fingers. Such examples may also represent orthology groups; their definition is, however, more subjective and we have not included them in our 39 groups.
Even including speculative orthology groups such as hunchback/Ikaros, genes for which orthology can be determined represent less than 25% of the C2H2 ZN. gene complement of each genome. This suggests that many orthologous relationships may not have been identified using our criteria. Whereas lineage-specific gene loss may account for our inability to identify orthologs for a proportion of the remaining nonassignable genes, for most genes orthology is presumably cryptic to the point that it can no longer be recognized. This is presumably a result of high rates of sequence divergence. A key question, then, is how many orthology groups are hidden in this remaining approximately 75% of genes? Direct extrapolation from our finding that 39 orthology groups contain about 25% of genes would suggest that another 117 orthology groups remain undetected. Evidence from human and Xenopus genomes, however, suggests that the number may be much less, as in both taxa a considerable number of C2H2 ZN. genes (KRAB C2H2 ZN. genes in humans and .AX and .AR C2H2 ZN. genes in Xenopus) have been reported to have evolved by separate mass gene duplications [7] [8] [9] . Such lineage-restricted gene duplication suggests that a considerable proportion of the In each tree, the scale bar indicates a maximum likelihood branch length of 0.1 inferred substitutions per site and the numbers next to relevant branches are percentage quartet-puzzling support values. Genes and branches are color coded according to species: human genes are red, Drosophila genes are blue and C. elegans genes are green. Most trees are unrooted and built with members of only a single orthology group, as in only two cases could sequences from separate groups be confidently aligned. One of these exceptions is the SP and KLF families (a), which were analyzed together as their similar ZNF number and structure suggest relatively recent common ancestry. The other is the Zic and Gli families (h), which have a similar number and arrangement of C2H2 fingers. This tree also includes two 'orphan' Drosophila genes that have a similar finger arrangement. The phylogenetic analyses, with the exception of the KLF group, either failed to resolve relationships sufficiently to confirm or disprove orthology or showed that each group was descended from a single gene present in the common ancestor of humans, C. elegans and Drosophila. We therefore call these families 'orthology groups', implying that genes from different species within each family are orthologs. Consequently, genes from one species within a family are paralogs. For the KLF and SP genes, the tree topology shows monophyly of the SP genes and suggests that multiple KLF orthology groups may be present, although the poor resolution does not allow definition of these. Table 1 The 39 groups of orthologous C2H2 ZNF genes defined by our analyses Gene family Human Drosophila C. elegans nonassignable genes may have evolved from a comparatively small number of ancestral genes. We therefore suggest that our 39 orthology groups represent a much larger proportion of the total existing groups than the 25% of genes they contain would suggest. Identifying precisely how many other groups there are, however, is a major bioinformatic challenge that will require data from other, phylogenetically well placed, taxa.
Conclusions
We have conclusively identified 39 families of C2H2 ZN. genes by comparing Drosophila and C. elegans sequences with human sequences. Of these, 17 have not been previously defined, and we propose that 38 represent definitive groups of orthologous genes, each deriving from a single gene in the common ancestor of these three organisms. Therefore, on the basis of current metazoan phylogeny [4] , a member of 
